We describe the near-field properties of plasmonic nanoclusters made of gold nanorod (AuNR) and gold nanosphere (AuNS) colloids that are assembled using selfcomplementary split-green fluorescence protein (sGFP) fragments. Numerical modeling of the optical responses and field enhancement characteristics for these hybrid AuNR/AuNS heteroclusters were performed (i) as a function of AuNS binding locations along the edges or at the tips of AuNRs, (ii) as a function of the size and number of AuNS per AuNR, and (iii) as a function of cluster geometry and orientation with respect to the major polarization states of light. We show that near-infrared (NIR)-active plasmonic hot spots that provide large SERS enhancement factors of the vibrational fingerprints from the reconstructed GFP-chromophore are consistently obtained for longitudinally polarized-excitation of the AuNR/AuNS nanoassemblies. A set of clusters having sufficiently flexible geometry and good spectral resonance with traditional NIR laser excitations at 785 nm is proposed for NIR SERS detection of the GFP chromophore with enhancement factors in the range of 10 7 -10 8 folds. This study provides grounds to improve the assembly of hot spot AuNR/AuNS SERS nanoprobes for NIR biosensing using GFP as a Raman reporter. 751-752 (1982) 
Introduction
Molecular fingerprinting by Raman scattering holds great potential for single molecule detection and in vivo cellular imaging with visible and NIR excitations [1, 2] . However, the Raman cross-section of endogenous biomolecules is generally very weak, which impedes high sensitivity Raman detections in biological settings. To overcome this limitation, exogenous Raman nanoprobes with distinct chemical fingerprints can be designed for targeted bioimaging [3, 4] . These probes exploit the surface plasmons generated by noble metallic nanoparticles (NPs) to induce dramatic enhancements of the Raman cross-section of chromophore reporters by surface-enhanced Raman scattering (SERS). With SERS, the Raman signal intensities of reporters are remarkably increased, with enhancement factors of 10 2 -10 5 fold at the surface of individual NPs and factors of 10 8 -10 10 fold when reporters are positioned within small nanogaps between NP dimers or larger clusters [5] . One critical requirement in the design of clustered nanoprobes is to control the size of the nanogap between NPs in order to achieve optimal and reproducible SERS enhancements of the exogenous reporters within plasmonic hot spots. A second imperative is to modulate the photonic responses of the clustered probes towards optical wavelengths that facilitate Raman imaging of biological samples, for instance in the NIR range where cell and tissue background signals are minimized.
Recently, we introduced the use of split-green fluorescent protein fragments (sGFP) as biocompatible Raman reporters and molecular glue to assemble gold nanospheres (AuNSs) into SERS nanocluster probes having 2 nm gaps seeded by the reconstruction of full length GFPs [6] . Through numerical modeling we determined that SERS detection of the GFP chromophore imidazolinone/exocyclic C = C mode at 1530 cm −1 could be achieved with enhancement factors of about 10 9 folds for 40 nm AuNSs assembled into linear clusters of 4-10 AuNSs and for a resonant Raman excitation at 633 nm [6] . Despite the large red-shift of the maximum near-field enhancement wavelength (λ max ) induced by dipolar plasmon mode couplings in these linear clusters, radiative damping along the AuNS chains results in spectral shift saturation of λ max at 630 nm and restricts the sensitive detection of the GFP chromophore Raman modes to the onset of the NIR spectra (701 nm). We therefore explored the use of other nanomaterials such as gold nanorods (AuNRs) [7, 8] to extend and optimize SERS detection of the GFP chromophore in assembled nanoclusters further into the NIR. Indeed, compared to AuNSs, AuNRs have the distinctive advantage of providing wide spectral tunability from the visible to NIR range together with intense plasmonic enhancements due to their large optical cross-sections and convex tips [9] . Here, we assembled a variety of AuNR/AuNS hetero-nanoclusters using sGFP fragments and studied their photonic properties by finite-difference time-domain (FDTD) modeling with the aim of optimizing SERS responses in the NIR. Using experimental transmission electron microscopy (TEM) images for different sizes and shapes of clusters, together with localized mesh refinement computational techniques, we numerically modeled (i) how AuNS binding locations on AuNRs and (ii) how AuNRs/AuNSs orientations impact SERS enhancement factors and λ max under major polarization states of light for each type of cluster. We observed that AuNR/AuNS clusters excited by longitudinally polarized light enable robust NIR SERS responses and that some of these hetero-nanoclusters provide a broad range of assembly tolerance. Under optimal SERS amplification, AuNR/AuNS hetero-nanoclusters have SERS enhancement factors of ~10 9 and GFP seeded nanogaps consistently induce the formation of plasmonic hot spots. Through spectral mapping of each cluster, we propose a set of appropriate AuNR/AuNS assemblies that are suitable for high SERS enhancements of the GFP chromophore C = C vibrational modes at NIR wavelengths.
Results and discussion

Numerical modeling and plasmonic properties of AuNRs
To study the nanoscale plasmonic properties of AuNRs and AuNSs assembled using split-GFP fragments, we used a previously described 3D-FDTD modeling environment [6] and verified that it adequately reproduced the photonic responses of AuNRs in aqueous buffers. Numerical modeling was performed on a Lumerical software package (Lumerical FDTD Solution 8.11) using a dielectric permittivity model of Au derived from Johnson and Christy [10] . The simulation domain (1x1x1 μm in x, y, and z dimensions) was set with a global mesh size of 2 nm and a refractive index (RI) value of 1.34. GFPs at the surface of AuNRs (cylindrical rods with rounded tips) or AuNSs (spheres) were modeled as 2x4 nm cylindrical shapes having a RI value of 1.41 and an additional local mesh domain (maximum size of 1x1x0.4 nm and minimum size of 0.25x0.25x0.25 nm in x, y, and z dimensions) was inserted inside the 2 nm global mesh domain to accurately model these GFP patches. The sizes and shapes of different AuNRs and AuNSs assemblies determined from TEM images (JEOL Jem-2100 (LaB6) microscope operated at 200kV) were used to physically model the shapes and organizations of the nanoclusters within the simulation domain. The nanogaps formed by the assembly of the sGFP fragments were systematically modeled with a 2 nm size, which corresponds to the transversal orientation of a complemented GFP between nanoparticles.
To validate this modeling environment, we first compared the ensemble far-field extinction spectra of 10x40 AuNRs (Aldrich, OD: 1.0, 0.4 nM) experimentally determined with a Beckman Coulter DU 800 spectrometer and the calculated far-field extinction spectra of a similar 10x40 nm individual AuNR having rounded tips with 1 nm radius and modeled from TEM images of AuNRs deposited on TEM grids (Ted Pella Carbon Type-B, 200 mesh, copper) ( Fig. 1(a) ). Taking into account the spectral widening due to the ensemble size distribution of AuNRs, the experimental extinction spectra was well reproduced by our modeling conditions, with a splitting of the surface plasmon resonance (SPR) into a transverse (~515 nm) and longitudinal mode (~820 nm) typical for anisotropically shaped AuNRs [11] (Fig. 1(b) ). Focusing on the NIR active longitudinal mode, we then calculated the near-field electric enhancements and λ max for 10 nm wide AuNRs with lengths varying from 30 to 70 nm ( Fig. 1(c) ). Calculations were performed for excitations polarized parallel to the long axis of each type of AuNRs and near-field properties were measured at the AuNR tip, a position where lighting rod effects result in the strongest field enhancements [12, 13] . As shown in Fig. 1(c) , the near-field enhancement increased with increasing length of the AuNRs, reaching its maximum for 50 nm-long AuNRs, but it decreased for rods with aspect ratio larger than 5:1 (length:width). On the other hand, λ max red-shifted linearly as a function of AuNR lengths, indicating that it is strongly associated with the localized SPR coupling distance along the AuNR major axis [14] . In good agreement with previous observations [14] , the slope of this linear red-shift is about 10, consistent with the ability to easily tune λ max over hundreds of nanometers through variation of the AuNR length by a few tens of nanometers. From these numerical investigations, 10 nm wide AuNRs with length between 40 and 50 nm therefore provide the strongest plasmonic near-field enhancements with λ max between 850 and 960 nm, well within the NIR range. 
Edge-coupled AuNR/AuNS nanoclusters assembled by sGFP under longitudinally polarized excitation
To form AuNR/AuNS clusters by specific binding between split-GFP fragments appended to their surface, we functionalized CTAB-stabilized 10x40 nm or 10x50 nm AuNRs (Aldrich) with the large sGFP 1-10 fragments bearing a N-terminal tetracysteine tag and various sizes of citrate-stabilized AuNSs (10-40 nm, Sigma) with the smaller complementary M3 peptide fragments bearing an N-terminal cysteine [6] . After 12 hours co-incubation of both functionalized AuNRs and AuNSs, a variety of hetero-nanoclusters formed in solution, some of which are presented in the TEM images of Fig. 2(a) . As shown in these examples, the 10 nm AuNSs bind at various positions on the AuNRs, along their edge or close to their tip, forming AuNR/AuNS hetero-nanoclusters similar to those obtained with different surface chemistries [15, 16] . To understand the different optical properties of these diverse assemblies we systematically studied their near-field photonic responses for incident light longitudinally polarized along the major axis of AuNRs.
Starting with the first TEM image of Fig. 2 (a) where 10 nm AuNSs are sequentially bound along the edge of a AuNR, we calculated how the number and binding locations of 10 nm AuNSs impact the near-field enhancement and the spectra λ max at the plasmonic hot spot closest to the tip of each clusters. As shown in Fig. 2(b) , the near-field λ max is around 960 nm for a GFP-seeded hot spot formed by a 10 nm AuNS whose center is positioned 5 nm from the tip of a 50 nm long AuNR. This low energy peak is assigned to the bonding dipole-dipole mode between the AuNR and the AuNS [17] . Although quadrupolar modes in AuNRs with small aspect ratios can be excited through near-field interactions with small AuNSs when coupling gaps are less than 1.5 nm [17] , their influence was not obvious in the spectra because of the large aspect ratio of the 10x50 nm AuNR and the 2 nm gap size generated by the assembled split-GFP fragments. Negligible spectral variations in λ max at this hot spot is observed if additional 10 nm AuNSs are GFP-seeded along the AuNR edge with interparticle separations of 15 nm. However, the degree of electric field enhancement at the first hot spot decreases as additional 10 nm AuNSs are bound to the AuNR, consistent with the expected field interferences by the other hot spot coupling modes formed along the AuNR. Nonetheless, the presence of GFP at the nanogaps systemically provides higher near-field enhancement than for hollow nanogaps, as we have previously reported [6] .
To study in more details the electric field spatial distributions within the GFP-seeded nanogaps of different 10 nm AuNSs coupled along AuNRs, cross-sectional field distributions of the clusters were provided in Fig. 2 (c). The strongest hot spot intensity is observed for a AuNR with a single 10 nm AuNS close to its tip. While two hot spots are observed when an additional AuNS is added toward the center of the AuNR, this second hot spot shows a much smaller field enhancement that is not aligned with respect to the nanogap axis, but is spatially shifted towards the closest AuNR tip. When a third 10 nm AuNS is bound along the AuNR edge, a third hot spot is formed with a field distribution shifted towards the second AuNR tip and with a near-field coupling significantly stronger than for the central second AuNS. This indicates that the AuNR plasmonic properties strongly influence the field distribution in clusters formed with 10 nm AuNSs, with (i) strong field coupling observed for hot spots that are closest to the AuNR tips due to accumulated charges, and (ii) limited field coupling in the middle of the AuNR. These effects were quantified by calculating the respective SERS enhancement factors within a 2 × 2 × 2 nm volume over each hot spot for a cluster formed by the triple binding of 10 nm AuNSs along a 50 nm AuNR. As shown in Fig. 2(d) , the highest SERS enhancement factor is observed for the AuNS closest to the AuNR tip with an enhancement of ~7.0x10 7 fold upon GFP-induced nanogap formation ( + 152% compared to the same size hollow gap). The central and the third hot spots, however, show significantly smaller SERS factors. In order to assess which edge-coupled AuNR/AuNS nanoclusters might provide the best global SERS response when illuminated by longitudinally-polarized light, the total cumulative SERS enhancement factors for clusters formed with AuNRs 40 or 50 nm in length and with 1-3 AuNSs 10 nm in diameter were computed and compared by adding the nearfield contribution from each hot spot. As shown in Fig. 2(e) , a single 10 nm AuNS bound next to the tip of a 50 nm AuNR provides the highest SERS enhancement factor (8.8 × 10 7 fold), well within the ~10 7 fold enhancement range previously reported for similar AuNR/AuNS assemblies with 2 nm gap sizes [15] . However, increasing the number of hot spots with more AuNSs does not lead to better global enhancements. Indeed, the second and third hot spots do not participate to an increase in total SERS enhancement factor, but in fact tend to reduce slightly field coupling at the strongest hot spot. For the 1:1 AuNR/AuNS dimer, the length of the AuNR plays an important role with regards to the total SERS enhancement factor, with a 3.9 fold increase in SERS enhancement for the 50 nm long AuNRs compared to the 40 nm long ones, consistent with our modeling of non-clustered AuNRs in Fig. 1(c) . In addition to this significant increase in SERS enhancement, the 50 nm AuNR provides a more red-shifted λ max (960 nm) than the 40 nm AuNR (860 nm) in such AuNR/AuNS dimers as shown in Fig.  2(f) . We note that, in both cases, λ max of the AuNR/AuNS dimers are identical to the λ max of the non-clustered AuNRs, further indicating that (i) the plasmonic properties of the clusters are largely dominated by the AuNR when dimers are formed with small 10 nm AuNSs and (ii) that the cluster near-field spectra can be easily tuned by simply changing the AuNR length in order to attain large SERS enhancements in the NIR.
To assess how changes in the size of AuNSs might further influence near-field coupling and spectra in 1:1 AuNR/AuNS dimers, we varied the diameter of the AuNS from 10 nm to 40 nm when it is positioned 5 nm away from the tip of a 50 nm AuNR. The near-field spectra and cross-sectional electric field distributions as a function of AuNS diameter are shown in Fig. 3(a-b) . In the spectra of Fig. 3(a) , the near-field λ max gradually red shifts as the AuNS diameter increases, consistent with the expected stronger plasmon/plasmon dipolar coupling at the GFP-seeded nanogap for the larger AuNSs. This indicates that, in addition to modulating λ max in the NIR by adjusting the length of the AuNR, additional fine tuning of λ max can be achieved by employing different sizes of AuNS, in good agreement with previously reported effects of AuNS sizes on the scattering spectra of AuNR/AuNS heterodimers [17] . We also observed a gradual enhancement in electric field magnitude for a high energy but minor peak located at ~660 nm. This peak was assigned to a dipolequadrupole hybridized mode, which can be excited through near-field interactions between AuNSs and AuNRs [17] . Its growing magnitude as a function of AuNS size reflects increased high order multipolar contributions from the AuNR due to the incremental asymmetry of the hetero-nanoclusters as the AuNSs become bigger. Interestingly, dimers formed with a 20 nm AuNS have the highest near-field enhancement at λ max . To understand why this is the case, the cross-sectional electric field distributions calculated at each near-field λ max are presented in Fig. 3(b) . As can be seen, the electric field for the 20 nm AuNS is more confined at the GFP seeding position than for the 30 and 40 nm AuNSs, where the field appears distributed over a larger area around the hot spot. This effect is likely due to the greater local curvature of the 20 nm AuNS compared to bigger AuNSs, which provides a sharper apex at the interface with the AuNR edge and enhances the convergence of electromagnetic waves at the center of the nanogap.
Regarding the spectral tunability of edge-coupled AuNR/AuNS hetero-nanoclusters under longitudinally-polarized light, we note that binding geometry and number of AuNS per AuNR both have limited influence on the near-field λ max , has shown for a variety of 40/10 nm AuNR/AuNS clusters in Fig. 3(c) . As discussed previously, this implies that a modulation of λ max is best achieved by employing different sizes of AuNRs and AuNSs to form clusters. On the other hand, the degree of near-field enhancement is strongly dependent (i) on the binding location of a given size AuNS to a AuNR (Fig. 3(c) ), (ii) on the length of the AuNR itself, and (iii) on the size of the AuNSs employed. 
Edge-coupled AuNR/AuNS nanoclusters assembled by sGFP under transversely polarized excitation
In addition to studying the near-field response of AuNR/AuNS clusters with longitudinally polarized excitation, we also examined their optical behaviors under transversely polarized light. As shown in Fig. 4(a) , we numerically modeled the near-field spectra and the SERS enhancement of 40x10 nm AuNRs that are gap-coupled to different sizes of AuNSs via GFPinduced hot spot assembly at the center of the AuNRs. Considering the weak transverse plasmonic mode of individual AuNRs (inset of Fig. 4(b) ), gap-induced near-field enhancements under transversely polarized light excitations are expected to be dominated by the AuNS and to scale with the AuNS size in the GFP assembled nanoclusters [6] . We therefore assessed the effect of AuNS size on simple 1:1 AuNR/AuNS dimeric clusters by varying the AuNS diameter from 10 nm to 40 nm. As shown in Fig. 4(b) , the near-field λ max systematically appears in the visible wavelength range for all the AuNS sizes tested, and can be assigned to the dipole-dipole hybridization between the transverse AuNR mode and that of the AuNSs. The degree of near-field enhancement under transversely polarized light increases substantially with the incremental AuNS diameters, confirming the dominant effect of the nanospheres. For these dimers, small near-field enhancements in the NIR were also observed under longitudinally-polarized light excitation, but those were weaker than for transverse polarization, because longitudinal excitations induce field enhancements that are much weaker at the AuNR center compared to the AuNR tips (Fig. 2(c) ) [11] . The near-field λ max of the transversely excited AuNR/AuNS clusters is near 630 nm and it slowly red-shifts by a few nanometers in response to increasing AuNS sizes, as shown in Fig. 4(c) . This manifestation of increased plasmonic couplings between AuNR and AuNS with increasing AuNS size was confirmed by calculation of the SERS enhancement factors from the central hot spot formed in the AuNR/AuNS dimers. As seen in Fig. 4(d) , under transverse polarization of the incident field, SERS enhancement factors increase significantly with increasing sizes of the AuNSs and are further amplified by the presence of GFP at the nanogap, as expected [6] . These amplifications of the SERS enhancement factors are maximal for AuNR/AuNS GFP-seeded dimers formed with a 20 nm AuNS ( + 640%, Fig. 4(e) ). As discussed in the case of edgecoupled AuNR/AuNS clusters excited by longitudinal polarization (Fig. 3(a-b) ), the greater local curvature of the 20 nm AuNS allows efficient near-field enhancements at the interface with the AuNR edge. Yet, a controlled positioning of AuNSs toward the AuNR tip together with the use of longitudinal rather than transverse polarization of the excitation are required to maximize SERS enhancements.
Tip-coupled AuNR/AuNS clusters assembled by sGFP under longitudinally polarized excitation
After studying the near-field properties of edge-coupled AuNR/AuNS nanoclusters, we modeled the optical responses of tip-coupled AuNR/AuNS assemblies, which also formed upon sGFP fragment assembly of AuNRs with AuNSs as shown for the 40x10 nm AuNR and 40 nm AuNS heterodimer of Fig. 5(a) . For this dimer, the calculated electric field distribution reveals a plasmonic hot spot at the interface between the AuNR left tip and the AuNS (Fig.  5(c) ). Consistent with the fact that the strongest field enhancements in AuNRs take place at their tip [15] , the electric field magnitude at this hot spot is much larger than the enhancements observed for the edge-coupled AuNR/AuNS clusters, with a NIR near-field λ max of 910 nm (Fig. 5(e) ). A minor peak at ~610 nm corresponding to weakly excited dipolequadrupole hybridized modes in this asymmetric cluster is also present.
Because the lighting rod effect in AuNRs takes place at both tips, we also studied how having both tips coupled to AuNSs would affect the cluster near-field properties, as depicted in the nanodumbbell of Fig. 5(b) . As expected, two plasmonic hot spots located at each GFPseeded nanogaps are observed when such nanodumbbell clusters are formed with two 40 nm AuNSs and a 40x10 AuNR (Fig. 5(d) ). Both hot spots are symmetric and have similar nearfield properties, including a near-field λ max at 967 nm, which is red-shifted by 57 nm compared to the simpler, tip-coupled AuNS/AuNR dimers ( Fig. 5(e) ). Indeed, when nearfield modeling of the tip-coupled AuNS/AuNR/AuNS nanodumbbells are performed by modulating the size of AuNS at one of the two gap-coupled AuNR tips (Fig. 5(b,e) ), a progressive red-shift of λ max towards the NIR, a broadening of the near-field λ max band and a gradual decrease of the dipole-quadrupole mode minor band are observed as a function of increasing AuNS size. The gradual red-shift of λ max reflects an increased dipolar coupling at the left-hand hot spot that stems from the enhanced polarizability of the nanodumbbell as the AuNS size on the opposite tips becomes bigger. This red-shift is accompanied by a broadening of the λ max band and a slight reduction in near-field enhancement due to larger radiative damping effects as the overall size of the nanodumbbell increases. However, the small lost in near-field enhancement is partially compensated by the increasing symmetry of the nanodumbbell, which results in better dipole-dipole coupling at the expense of dipolequadrupole coupling when the size of the right-hand AuNS is modulated from 10 to 40 nm. As seen in Fig. 5 (e) , radiative damping in the assembled nanodumbbells generally results in slightly lower field amplifications at λ max within each hot spot compared to the tip-coupled AuNR/AuNS dimers. Yet, the cumulative effects of both hot spots lead to a significant increase in total SERS enhancement factor, notably as the nanodumbbell becomes more symmetric (Fig. 5 (f) ). For instance, while the 3.34x10 8 fold SERS enhancement factor of tipcoupled 40/40 nm AuNS/AuNR dimers is only improved by 1.2 fold upon addition of a 10 nm AuNS at the opposite AuNR tip, formation of a symmetric 40/40/40 nm AuNS/AuNR/AuNS nanodumbbell provides a 5.3 fold increase in SERS factor with a total 1.78x10 9 fold SERS enhancement ( Fig. 5 (f) ). Interestingly, this value is equivalent to the total SERS enhancement factor we have previously reported for linear nanochains made of four AuNSs assembled by three GFP seeds (1.79x10 9 fold) [6] . While such AuNS nanochains allow strong total SERS enhancement of three GFP chromophore at 633 nm [6] , the symmetric 40/40/40 nm AuNS/AuNR/AuNS nanodumbbell provides the same level of enhancement with only two GFP-seeded hot spots and at a NIR-shifted resonance wavelength of 967 nm. Thus, in spite of potential complications to achieve tip-only functionalization of AuNRs with AuNSs, nanodumbbells assembled by split-GFP fragments are propitious to the design of clustered nanoprobes for high-sensitivity SERS detection of the GFP chromophore in the NIR spectral range.
AuNR/AuNS nanoclusters for NIR SERS detection of the GFP chromophore Raman signature at 785 nm excitation
To assess which AuNR/AuNS cluster would provide, theoretically, the highest NIR SERS enhancement of GFP Raman-active vibrational modes at each hot spot, we first compared the near-field λ max , its full width half maximum (FWHM) and the total SERS enhancement at λ max for a variety of GFP-assembled nanoclusters. As shown in Fig. 6 (a) , these include a 40 nm AuNS homodimer, a 40x10/10 nm edge-coupled AuNR/AuNS heterodimer, a 40x10/40 nm tip-coupled AuNR/AuNS heterodimer and a 40/40x10/40 nm tip-coupled AuNS/AuNR/AuNS nanodumbell, all under longitudinally polarized light excitation. Comparisons were done with respect to the position of a popular NIR laser excitation wavelength at 785 nm (λ exc ) and with respect to the expected Stokes-shifted wavelength (892 nm) that is Raman scattered at 1530 cm −1 by the imidazolinone/exocyclic C = C vibrational mode of the GFP chromophore [18] (λ vib-GFP ). As seen in Fig. 6 (a) , the λ max (589 nm) and the FWHM of the AuNS homodimer are clearly off resonance with λ exc and λ vib-GFP , which suggests a limited potential for NIR SERS enhancement of the GFP fingerprint despite a reasonable total SERS factor of 1.6x10 8 fold at λ max . In comparison, the edge-coupled AuNR/AuNS heterodimer has a λ max (860 nm) and a FWHM allowing better resonance with λ exc and λ vib-GFP , indicating that it is likely to provide good NIR enhancement at λ vib-GFP , in spite of a lower SERS enhancement factor than the AuNS homodimer at λ max . Both the tip-coupled AuNR/AuNS heterodimer and the AuNS/AuNR/AuNS nanodumbell have λ max (905 and 967 nm respectively) and FWHM that are largely red-shifted compared to λ exc . Although there are some spectral overlaps with λ vib-GFP , and their total SERS enhancement factor at λ max are high, the pre-resonance excitation of these clusters at 785 nm is unlikely to result in an efficient SERS enhancement of the GFP Raman signature.
To verify these initial assumptions, we calculated the total SERS enhancement factor of the GFP chromophore C = C vibrational mode for each nanocluster. The SERS enhancement was approximated as previously described [6, 19] using:
where, for each nanogap, E(ω exc )/E 0 (ω exc ) is the enhanced field at the 785 nm laser excitation and E(ω vib-GFP )/E 0 (ω vib-GFP ) is the enhanced field at the Stokes-shifted wavelength of the GFP chromophore C = C mode, here 892 nm. As seen in Fig. 6(b) , the 1530 cm −1 GFP chromophore C = C mode is only weekly enhanced by 4.26x10 5 fold for the 40 nm AuNS homodimer, as predicted for a 785 nm excitation in post-resonance with respect to λ max . However, the GFP Raman fingerprint is significantly more enhanced with a factor of 1.37x10 7 fold for the edge-coupled AuNR/AuNS heterodimer because the 785 nm excitation is in partial resonance with the cluster λ max band. As anticipated, pre-resonance excitation of both the tip-coupled AuNR/AuNS heterodimer and the AuNS/AuNR/AuNS nanodumbell resulted in less efficient SERS enhancement of the GFP chromophore, with SERS enhancement factors of 3.92x10 6 fold and 7.51x10 5 fold respectively. These values are significantly lower than the expected SERS enhancements of 3.3x10 8 and 1.79x10 9 fold at λ max for the AuNR/AuNS heterodimer and the nanodumbell, respectively. Further red-shifted excitation, for instance with a 980 nm laser line, is likely to provide an increase in GFP SERS enhancement factor by 2-3 orders of magnitude for these nanoclusters. 
Conclusion
We have shown that 10x40 or 10x50 nm AuNRs and various sizes of AuNSs can assemble into a variety of AuNR/AuNS heteroclusters using surface-appended complementary sGFP fragments as molecular glue. Our numerical modeling indicates that the reconstruction of a full GFP at the interface between AuNRs and AuNSs provides means to create plasmonic hot spots where plasmon/plasmon couplings between the two nanomaterials induce large nearfield and SERS enhancements in the NIR under appropriate polarized excitations. Indeed, while transversely polarized excitation of AuNR/AuNS clusters results in AuNS-dominated near-field responses in the visible spectral range, efficient near-field enhancements in the 800-1100 nm NIR range can be achieved when heteroclusters containing 40-50 nm long AuNRs are excited with longitudinally polarized light. While coarse spectral modulations of these longitudinal NIR active modes are best achieved by adjusting the length (or aspect ratio) of the AuNRs, finer spectral tuning is also possible by employing different sizes of AuNS in the clusters. For AuNSs significantly smaller than AuNRs, forming GFP-seeded hot spots at various locations around an AuNR has a limited influence on the NIR active near-field λ max , indicating that the spectral properties of such heteroclusters are relatively well preserved despite variations in binding geometries and in the number of small AuNSs per AuNR. This dominating influence of the AuNR diminishes as the size of the AuNS increases. The degree of near-field enhancement, however, is clearly dependent on the binding location of AuNSs on an AuNR, on the number of AuNS per AuNR and on the size of the AuNSs. For instance, coupling AuNSs at the tips of AuNRs results in electric field enhancements at λ max that are one order of magnitude higher than for edge-coupling at the center of the AuNR. For edgecoupled AuNSs, the closer the hotspot is to the AuNR tips, the more the field is enhanced; but the higher the number of coupled AuNSs per AuNR, the smaller the field enhancement at each hotspot becomes. Thus, multiple AuNS binding along the edge of an individual AuNR does not necessarily result in a cumulative increase in total SERS enhancement.
As we have shown, the effect of AuNS size on near-field enhancements for edge-coupled or tip-coupled clusters under longitudinal excitation is complex. While larger AuNSs provide stronger dipolar coupling with a AuNR (effective red shift of λ max ), they also result in competitive dipole-quadrupole couplings due to the higher cluster asymmetry and in increased radiative damping, both of which participate to reducing field enhancements at hot spots. Both effects are less significant for edge-coupled AuNR/AuNS heterodimers under transverse excitation, but the weak SERS enhancement at this polarization and their λ max in the visible spectral range provide no benefit for NIR SERS detections.
When considering the non-exhaustive types of sGFP-assembled AuNR/AuNS nanoclusters that we have studied, 40x10/40 nm tip-coupled AuNR/AuNS heterodimers and 40/40x10/40 nm tip-coupled AuNS/AuNR/AuNS nanodumbells, offer strong field enhancements, well within the NIR range. They are, however, not as efficient as 40x10/10 nm edge-coupled AuNR/AuNS heterodimers for SERS Raman detection of the GFP imidazolinone/exocyclic C = C vibrational mode with a traditional 785 nm laser excitation. Indeed, edge-coupling of small AuNSs on 40x10 AuNRs, notably toward the AuNR tips, provides an appropriate combination of (i) good near-field enhancement, (ii) adequate spectral matching with λ exc at 785 nm and λ vib-GFP at 892 nm, (iii) large flexibility in nanocluster assembly and (iv) simpler assembly than tip-coupled clusters.
Overall, using sGFP fragments as molecular glue to assemble AuNR/AuNS heteroclusters and employing the complemented GFP chromophore as a biocompatible Raman reporter for SERS detection offer a novel approach to generate SERS nanocluster probes with NIR-active plasmonic hotspots. When assembled on biological targets [20, 21] these hot spot nanoclusters will be promising Raman probes for highly selective NIR SERS imaging of targeted cells in in vitro and in vivo settings [22, 23] . 
